Introduction
============

The incidence of diabetes is currently very high and shows no decreasing trend. Complications from diabetes can seriously affect human health. Improvements in living standards and life expectancy have conversely increased the number of patients with diabetes. In China, the number of patients with diabetes account for 2.51% of the population, which indicates a 3-fold increase since 1980. Additionally, the number of patients with diabetes is on the increase ([@b1-etm-0-0-5359]). The testis is an extremely important part of the male reproductive organs and contains spermatogenic cells that can maintain the production of sperm cells. Damage to testicular cells can, not only cause a decline in male sexual function, but can also lead to infertility due to abnormal sperm production caused by testicular cell apoptosis ([@b2-etm-0-0-5359]). Previous findings showed that diabetes can cause erectile dysfunction, and its negative effect on erectile function is next only to senescence ([@b3-etm-0-0-5359]). Additionally, sexual dysfunction and testicular atrophy can be observed in 40--75% of patients with diabetes, and these patients usually also presented other complications such as spermatogenesis disorders ([@b4-etm-0-0-5359]). The incidence rates for these complications were much higher in patients with diabetes than those without, and these diseases may become more severe with aging and prolonged disease course ([@b5-etm-0-0-5359]--[@b7-etm-0-0-5359]). Therefore, the prevention and treatment of testicular disease caused by diabetes has become a focus for diabetes research.

Chinese medicine has been used in the treatment of diabetes for a long time. Many studies have shown that Chinese medicine can significantly improve the symptoms of diabetes and its related complications, and numerous studies on the pharmacological activities of Chinese medicines have also provided references for the use of Chinese medicine in the treatment of diabetes ([@b8-etm-0-0-5359]). Soybean isoflavones (SI), which are widely present in legume species, are a group of isoflavone estrogens. SI includes soy flavonoids, genistein, and legumin ([@b9-etm-0-0-5359]). It has been reported that SI exert a variety of pharmacological activities, including immunity building, anti-aging effects, anti-tumor effects, and other effects ([@b10-etm-0-0-5359]). In this study, SI was selected as an experimental drug and the aim was to investigate its inhibitory effects on testicular cell apoptosis in mice with type 2 diabetes.

Materials and methods
=====================

### Materials and reagents

The following reagents were used in this study: SI and streptozotocin (STZ) (Sigma-Aldrich, St. Louis, MO, USA); Rabbit anti-mice caspase-3, Bax, and Bcl-2 primary polyclonal antibodies, and goat anti-rabbit HRP-labeled secondary polyclonal antibody (cat. no. 19677-0-AP, 23931-1-AP, 12789-1-AP; SA00001-2; Wuhan SanYing Biotechnology Co., Ltd., Wuhan, China); RNA extraction kit (Invitrogen Life Technologies, Carlsbad, CA, USA); primers, reverse transcription kit, and quantitative PCR kit (Takara, Dalian, China); BCA protein quantitation kit and cell lysates (Beyotime, Nantong, China); and immunohistochemical staining kit SP-9001 (Beijing Zhongshan Golden Bridge Biotechnology Co., Ltd., Beijing, China).

### Experimental animals and grouping

Thirty specific pathogen-free (SPF) healthy C57BL/6J mice were randomly divided into three groups of 10 mice each: normal controls (control), diabetes (model) and SI-treated. STZ was dissolved in 0.1 mol/l citrate buffer. After fasting for 24 h, mice in the diabetes mellitus (DM) model group was administered STZ solution at a dose of 55 mg/kg via tail vein injection. All mice were kept in cages with controlled temperature (22--24°C) and light cycles (24°C and 12/12 light cycles). The humidity was 60±10% with free access to water. Citrate buffer solution was administered to mice in the control group. Venous blood was extracted from mice tail veins on day 3 post-injection to examine blood glucose levels, which were monitored for 5 days. A blood glucose level of ≥50 mg/dl indicated the successful establishment of the DM model. Mice with DM were used for subsequent experimentation. SI was dissolved in 0.5% CMC-Na after stirring for 2 h with a magnetic stirrer. The solution was kept overnight at room temperature and the supernatant was used. Intragastric administration of 300 mg/kg/d SI solution to the SI group was performed at 8 a.m. daily, with 0.5% CMC-Na solution administered to mice in the control and model groups. Treatment persisted for 20 weeks, after which mice were anesthetized with ether and then immediately sacrificed by cervical dislocation. The bilateral testes were collected after laparotomy and the epididymis and excess adipose tissue were removed. One testis was numbered and fixed in freshly prepared 10% formalin solution for DAPI staining and immunohistochemical analysis. The other testis was placed in liquid nitrogen and stored in a refrigerator at −80°C for mRNA and protein extraction. The study was approved by the Ethics Committee of Qingdao Women and Children\'s Hospital.

### DAPI staining for detecting testicular cell apoptosis

After fixation, testicular tissue was paraffin-embedded and sectioned. After appropriate washing with PBS to remove the fixative solution, DAPI (1 µg/ml) staining was performed at room temperature in the dark for 5 min. The DAPI staining solution was then removed via suction, the sections washed twice with PBS (5 min each), and staining was observed in the dark under fluorescence microscopy (Nikon, Tokyo, Japan).

### Immunohistochemistry for detecting caspase-3 protein expression in testicular tissue

The procedure was performed as follows: Paraffin-embedded mouse testicular tissue sections were dewaxed and endogenous peroxidases were inactivated with 3% H~2~O~2~. After antigen repair and serum blocking, the primary antibody (dilution, 1:500) was added and sections were incubated overnight at 4°C. After washing three times with PBS, secondary antibody (dilution, 1:1,000) was added and sections were incubated at room temperature for 30 min. After washing three times with PBS again, DAB color development was performed. The slides were sealed with gum and observed under a microscope (TE2000-U; Nikon, Tokyo, Japan).

Representative regions were selected and staining results were evaluated according to the degree/intensity of staining and the percentage of positive cells. Regions were determined to exhibit no color, faint-yellow, brownish yellow, or dark brown, which were recorded as 0, 1, 2 and 3 points, respectively. Under high-power magnification (×400), the percentage of positive cells was determined to be \<5, 5--25, 26--50%, or \>50%, which was recorded as 0, 1, 2, and 3 points, respectively. The two scores were added, and a total score of ≥3 points was recorded as a positive expression.

### RT-PCR for detecting caspase-3 mRNA expression in testicular tissue

Approximately 50 mg of testicular tissue for each mouse was taken from storage at −80°C. Total RNA was extracted and RNA concentration and purity were detected. Only samples with an A260/280 ratio between 1.8 and 2.0 were used. Reverse transcription was performed according to the manufacturers instructions, and cDNA was subjected to RT-qPCR to detect caspase-3 mRNA expression. Primer sequences are listed in [Table I](#tI-etm-0-0-5359){ref-type="table"}. GAPDH expression was used as an endogenous control, and the reaction conditions were as: 94°C for 5 min, followed by 30 cycles of 94°C for 30 sec, 57°C for 30 sec and 72°C for 30 sec, and finally 72°C for 5 min. Cq values were processed using the 2^−ΔΔCq^ method according to the following formula: ΔCq (target gene) = Cq (target gene) -- Ct (control gene).

### Western blot analysis

Testicular tissue from each mouse was taken and total protein was extracted. Protein concentration was measured and extracted protein samples were processed. Protein (50 µg) from each sample was subjected to SDS-PAGE electrophoresis, followed by transfer to a PVDF membrane. After blocking with blocking solution at room temperature for 1 h, the membranes were incubated with primary antibody (dilution, 1:1,000) overnight at 4°C. After washing with TTBS, the membranes were incubated with secondary antibody (dilution, 1:2,000) at room temperature for 1 h. After washing with TTBS, color development was performed with a color developer and images were obtained.

### Statistical analysis

Data were presented as mean ± standard deviation, and the data were processed with SPSS 17.0 software (IBM Corporation, New York, NY, USA). Comparisons between the two groups were performed using paired t-tests. Comparisons of countable data between the groups were performed using χ^2^ tests. P\<0.05 was considered statistically significant.

Results
=======

### Effects of SI on testicular cell apoptosis in diabetic mice

DAPI staining results showed that the testicular cells in the model group were deformed, with condensed, brightly stained nuclei. Cell status in the SI group was significantly improved and the number of apoptotic cells was significantly reduced ([Fig. 1](#f1-etm-0-0-5359){ref-type="fig"}).

### Effects of SI on diabetic mouse testicular tissue caspase-3 expression

Positive caspase-3 immunohistochemical staining was indicated by the presence of a brownish yellow color. Caspase-3 protein was found mainly located in the cytoplasm and showed diffused or scattered distribution patterns ([Fig. 2](#f2-etm-0-0-5359){ref-type="fig"}). The positive caspase-3 expression rate in the control, model, and SI groups was 10, 90, and 20%, respectively ([Table I](#tI-etm-0-0-5359){ref-type="table"}). SI significantly reduced caspase-3 expression relative to the model group.

### Effects of SI on caspase-3 mRNA expression in diabetic mouse testicular tissue

Compared with the control group, caspase-3 mRNA expression in the model and SI groups were significantly increased (P\<0.01 or P\<0.05). Caspase-3 mRNA expression in the SI group was significantly decreased relative to the model group (P\<0.05) ([Fig. 3](#f3-etm-0-0-5359){ref-type="fig"}).

### Effects of SI on Bax and Bcl-2 protein expression in diabetic murine testicular tissue

Bcl-2 protein expression was significantly decreased (P\<0.01) and Bax protein expression was significantly increased (P\<0.01) in the model and SI groups relative to the control group. Bcl-2 protein expression was significantly increased (P\<0.01) and Bax protein expression was significantly decreased (P\<0.01) in the SI group relative to the model group ([Fig. 4](#f4-etm-0-0-5359){ref-type="fig"}).

Discussion
==========

In recent years, with the increasing number and progressively younger profile of diabetes patients, the effect of diabetes on the reproductive system has attracted increased attention. The testes are extremely important parts of the male reproductive organs. Spermatogenic cells in the testis can maintain sperm cell production. When testicular cells are damaged, cell apoptosis results, leading to the production of abnormal sperm or even infertility ([@b11-etm-0-0-5359]). Diabetes can, not only lead to the attenuation of spermatogenic cell function, but also to testicular cell apoptosis ([@b12-etm-0-0-5359]). Although the mechanism, progression, and treatment of diabetes have been extensively investigated ([@b13-etm-0-0-5359]), cell apoptosis caused by testicular tissue lesions (a complication of diabetes) is under investigation, and cannot be effectively corrected with current available treatments.

Caspase plays an essential role in a variety of cell apoptotic processes. Previous findings have shown that the caspase-3 protease plays a key role in apoptosis ([@b14-etm-0-0-5359]). In apoptotic pathways, a part or all of the caspase-3 protein can be utilized to hydrolyze protein substrates. In addition, caspase-3 can also activate other caspase proteins. Previous studies have demonstrated that caspase-3 inhibition through specific protease inhibitors can significantly inhibit cell apoptosis ([@b15-etm-0-0-5359]). Bcl-2, which plays an important role in apoptosis, has an inhibitory effect on cell apoptosis ([@b16-etm-0-0-5359]). Bcl-2 can protect cells from multiple forms of death and increase cell survival, resulting in an increase in the number of cells. In some tumor cells, upregulated Bcl-2 expression can protect tumor cells from death or at least increase their life span ([@b17-etm-0-0-5359]), indicating that the Bcl-2 gene is closely correlated with tumor progression. In contrast to the Bcl-2 gene, the Bax gene can promote apoptosis ([@b18-etm-0-0-5359]). Bax belongs to the same family as the Bcl-2 gene, but has the opposite function, and the equilibrium state of those two determines the degree of cell apoptosis. As a homologous dimer, Bcl-2 can inhibit cell apoptosis. When Bax protein levels are increased and Bax protein dimerizes with Bcl-2 or if Bax is present as a homologous dimer, cell apoptosis is increased ([@b19-etm-0-0-5359]).

This study aimed to investigate the inhibitory effect of SI on testicular cell apoptosis in mice with type 2 diabetes, as well as the possible mechanism of action. DAPI staining was used to detect the mouse testicular cell apoptosis, and the results showed that SI significantly reduced testicular apoptosis. The expression and distribution of caspase-3 in mouse testicular tissue was detected by immunohistochemistry, and caspase-3 mRNA expression levels were detected using RT-PCR. The two methods indicated that SI significantly decreased caspase-3 expression. Previous findings have shown that the downregulation of caspase-3 expression reduced testicular spermatogenic cell apoptosis in rats with varicocele ([@b20-etm-0-0-5359]). Bax and Bcl-2 protein expression levels were detected using western blot analysis, and the results showed that SI significantly decreased Bax protein expression levels and increased Bcl-2 protein levels. A similar study showed that Bcl-2 protein expression level was directly associated with murine spermatogenic cell apoptosis ([@b21-etm-0-0-5359]). Tapanainen *et al* ([@b22-etm-0-0-5359]) established a mouse model of cell apoptosis in the reproductive duct, and found that Bax protein expression was significantly increased and Bcl-2 protein expression was significantly decreased during cell apoptosis.

In conclusion, SI has an inhibitory effect on testicular cell apoptosis in mice with type 2 diabetes, and this effect may be achieved by decreased expression of caspase-3 and Bax and increased expression of Bcl-2 protein.

![Effects of SI on testicular cell apoptosis in diabetic mice detected by DAPI staining. Testicular cells in the model group were deformed with condensed nuclei. The number of apoptotic cells in the SI group was significantly reduced.](etm-15-01-0305-g00){#f1-etm-0-0-5359}

![Immunohistochemical staining was used to detect SI effects on diabetic mouse testicular tissue caspase-3 expression. Positive caspase-3 immunohistochemical staining presented as a brownish yellow color. SI significantly reduced caspase-3 expression levels compared to the model group. SI, soybean isoflavones.](etm-15-01-0305-g01){#f2-etm-0-0-5359}

![Effects of SI on Caspase-3 mRNA expression in diabetic mouse testicular tissue. RT-qPCR results showed that caspase-3 mRNA expression was significantly higher in the model and SI groups relative to the control group. Caspase-3 mRNA expression in the SI group was significantly decreased relative to the model group. \*\*Compared with the control group, P\<0.01; \*compared with the control group, P\<0.05; ^\#^compared with the SI group, P\<0.05. SI, soybean isoflavones.](etm-15-01-0305-g02){#f3-etm-0-0-5359}

![Western blot detection of diabetic mouse testicular tissue Bax and Bcl-2 protein expression. (A) Bcl-2 protein expression. Bcl-2 protein levels were significantly decreased in the model and SI groups relative to the control group. Bcl-2 protein expression was significantly increased in the SI group relative to the model group. (B) Bax protein expression. Bax protein levels were significantly increased in the model and SI groups relative to the control group. Bcl-2 protein expression was significantly decreased in the SI group relative to the model group. \*\*Compared with the control group, P\<0.01; ^\#\#^compared with the model group, P\<0.01. SI, soybean isoflavones.](etm-15-01-0305-g03){#f4-etm-0-0-5359}

###### 

Primer sequences used in RT-PCR.

  Gene        Primer   Sequence
  ----------- -------- -----------------------------
  Caspase-3   F        5′-AGAGAACAATGGCGGATA-3′
              R        5′-CCAGTTGAGGGATGAAAG-3′
  GAPDH       F        5′-TGTGTCCGTCGTGGATCTGA-3′
              R        5′-TTGCTGTTGAAGTCGCAGGAG-3′

###### 

Caspase-3 protein expression in murine testicular tissue.

                 Caspase-3        
  --------- ---- ----------- ---- --------
  Control   10   1           10   
  Model     10   9           90   \<0.05
  SI        10   2           20   

SI, soybean isoflavones.
